Objective: To determine whether bariatric surgery is associated with a lower risk of cancer. Background: Obesity is strongly associated with many types of cancer. Few studies have examined the relationship between bariatric surgery and cancer risk. Methods: We conducted a retrospective cohort study of patients undergoing bariatric surgery between 2005 and 2012 with follow-up through 2014 using data from a large integrated health insurance and care delivery systems with 5 study sites. The study included 22,198 subjects who had bariatric surgery and 66,427 nonsurgical subjects matched on sex, age, study site, body mass index, and Elixhauser comorbidity index. Multivariable Cox proportional-hazards models were used to examine incident cancer up to 10 years after bariatric surgery compared to the matched nonsurgical patients. Results: After a mean follow-up of 3.5 years, we identified 2543 incident cancers. Patients undergoing bariatric surgery had a 33% lower hazard of developing any cancer during follow-up [hazard ratio (HR) 0.67, 95% confidence interval (CI) 0.60, 0.74, P < 0.001) compared with matched patients with severe obesity who did not undergo bariatric surgery, and results were even stronger when the outcome was restricted to obesity-associated cancers (HR 0.59, 95% CI 0.51, 0.69, P < 0.001). Among the obesityassociated cancers, the risk of postmenopausal breast cancer (HR 0.58, 95% CI 0.44, 0.77, P < 0.001), colon cancer (HR 0.59, 95% CI 0.36, 0.97, P ¼ 0.04), endometrial cancer (HR 0.50, 95% CI 0.37, 0.67, P < 0.001), and pancreatic cancer (HR 0.46, 95% CI 0.22, 0.97, P ¼ 0.04) was each statistically significantly lower among those who had undergone bariatric surgery compared with matched nonsurgical patients. Conclusions: In this large, multisite cohort of patients with severe obesity, bariatric surgery was associated with a lower risk of incident cancer, particularly obesity-associated cancers, such as postmenopausal breast cancer, endometrial cancer, and colon cancer. More research is needed to clarify the specific mechanisms through which bariatric surgery lowers cancer risk.
O besity is strongly associated with an increased risk of several types of cancer including postmenopausal breast, endometrial, colon, liver, pancreatic, and ovarian cancer, 1, 2 contributing to an estimated 6% of all cancers 3 and 15% to 20% of all cancer deaths in the United States. 4 In the United States alone, over one-third of the adult population is considered obese, with a body mass index (BMI) !30 kg/ m 2 . 5, 6 The prevalence of severe obesity (BMI !40 kg/m 2 ) has also increased, going from 0.8% in 1960 to 7.7% in 2014. [6] [7] [8] [9] [10] Bariatric surgery is currently the most effective intervention for weight loss and long-term weight maintenance. This has been consistently demonstrated in numerous randomized controlled trials and cohort studies, [11] [12] [13] [14] [15] [16] and bariatric surgery appears to have a beneficial long-term impact on the risk of mortality, including deaths due to cancer. [17] [18] [19] After bariatric surgery, obesity-related health conditions that are also risk factors for cancer incidence, such as diabetes and metabolic syndrome, are often improved or resolved. 13, 15 A limited number of previous observational cohort studies have reported that the risk of cancer is reduced after bariatric surgery. 17,20 -23 However, these studies had several methodological limitations including lack of ability to match bariatric cases and controls on important risk factors that impact cancer risk, small sample sizes resulting in inadequate power to examine differences in risk by cancer type, lack of generalizability to diverse populations, and inclusion of bariatric procedures that are no longer performed. Due to these limitations, we assembled a large, geographically diverse cohort, using high-quality data sources, contemporary procedure types, and robust analytic techniques to better understand the relationship between bariatric surgery and cancer risk.
The aim of this study was to determine whether bariatric surgery was associated with a lower rate of incident cancer compared with a matched cohort of patients with severe obesity. By carefully matching bariatric surgical cases to controls who did not receive surgery, we sought to limit the potential for selection bias and confounding that was present in many of the previous studies.
METHODS

Study Design and Study Population
We conducted a retrospective observational cohort study using data from a large integrated health insurance and care delivery system with 5 study sites from Kaiser Permanente (regions of Southern California, Northern California, Northwest (Oregon), Colorado and Washington). Data covering January 1, 2004 through December 31, 2014 were collected from existing electronic health record databases and registries. Institutional review board approval, including waiver of informed consent, was obtained at Kaiser Permanente Colorado and all other sites ceded IRB review to the KP Colorado IRB.
From the Bariatric surgery cases were identified using Current Procedural Terminology, 4th edition (CPT-4) and International Classification of Diseases, ninth revision (ICD-9) codes for surgery between January 1, 2005 and December 31, 2012. Subjects were 18 to 79 years of age at the time of surgery, and were excluded if they had a history of any cancer before surgery, identified by an ICD-9 diagnosis code or by a tumor registry entry, did not have 1 year of enrollment in the health plan before surgery extending to at least 6 months postsurgery, had a prior bariatric procedure, no documented BMI of at least 35 kg/m 2 within 1 year before surgery, or had a presurgery diagnosis of ascites or peptic ulcer disease (Fig. 1) . Of the 33,378 potential surgical cases that were initially identified in the 5 sites, 22,198 patients who underwent bariatric surgery were included in the final analysis.
Control patients were identified from the same electronic health record databases and matched to surgical cases using a 2-phase matching process. Eligible controls had at least 1 BMI measurement !35 kg/m 2 , and the sampling was weighted such that the pool of potential controls had a distribution of BMIs similar to that of the surgery cases. Potential controls were then matched to each surgical case using site, sex, and birth date within 1 year, allowing controls to be provisionally matched to multiple cases. The index date was the date of surgery for the bariatric surgery and the corresponding date for the matched controls. We then excluded potential controls with a cancer before the index date, BMI <35, <6 months postindex date enrollment, and those with ascites or peptic ulcers. Remaining potential controls were further restricted to those with a BMI within 5% of a surgical case. Finally, up to 3 controls were selected for each case based on the smallest differences in Elixhauser comorbidity index 24 score. The Elixhauser comorbidity index score is a method for quantifying patient comorbidity based upon administrative data. Controls with an Elixhauser difference of 3 or greater were removed from the matched set and returned to the pool of potential matches. At the end of phase 1, there were 265 cases that remained without a match. In the second phase of the matching process, the BMI matching window was extended to AE10% of the case, and the remaining potential controls were again matched with cases lacking 3 controls based on the smallest Elixhauser comorbidity index score difference. After this second matching process, 99.65% of cases had 3 matched controls, with 0.25% having 2 matched controls and 0.1% having 1 matched control. The second phase of the matching process yielded 2.85% of the final matches. After the second matching iteration, only 0.8% of matches had an Elixhauser score difference of 3 or greater, and only 62 bariatric cases remained without a match.
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Outcomes
Incident cancers were identified from the tumor registries at each site. We included all types of cancers in our analysis and then separately considered obesity-associated cancers. Cancers were considered to be obesity-associated if they were 1 of the 14 types described by the International Agency for Research on Cancer (IARC) working group as having sufficient evidence for an association. 2 These include esophageal adenocarcinoma, postmenopausal breast cancer and cancers of the kidney, colon, rectum, gastric cardia, liver, gallbladder, pancreas, ovary, corpus uteri, thyroid, multiple myeloma, and meningioma. We defined postmenopausal breast cancer as those diagnosed at age !55 years, consistent with previous studies using electronic data sources. 25 In our primary analyses, we only considered cancers that occurred more than 6 months after the index date to minimize the impact of pre-existing cancers. In sensitivity analyses, we included all cancers after the index date.
Covariates
Covariates were identified using a combination of ICD-9 codes and CPT codes from inpatient and outpatient visit records, laboratory data, and pharmacy data in the year before the index date.
Follow-up Time
The follow-up time was calculated from the date of study inclusion (bariatric surgery or index date for matched controls) until the first occurrence of 1 of the following events: diagnosis of cancer, the end of health care coverage or a break of >92 days in health care coverage, death, or the end of follow-up on December 31, 2014.
Statistical Analysis
We calculated means, medians, and frequencies for variables to characterize the study sample. Subjects with a history of bariatric surgery were compared with the matched controls using standardized differences. Kaplan-Meier curves were generated for each outcome of interest. We estimated Cox proportional-hazards models to compare the development of any cancer, nonobesity-associated cancer, obesity-associated cancer, and individual obesity-associated cancers between the 2 groups. Matching was accounted for by using robust sandwich estimators. These estimators were chosen over estimators based on treating the matched sets as strata, because the sandwich estimators make more complete use of the data in the presence of covariates or when examining some subgroups. To assess the extent to which our results were sensitive to this choice of methods, we compared results from the 2 methods for our main outcomes. For each outcome, we created both unadjusted models and nonparsimonious models adjusted with the covariates that potentially impact cancer risk. We tested the assumption of constant proportional hazards over time by testing the surgery by time linear interaction. The alpha for all tests was a 2-tailed P ¼ 0.05, unadjusted for multiple tests, and all analyses were performed using SAS v9.4 (Cary, NC).
RESULTS
In our final matched cohort, we had 22,211 bariatric surgical cases matched to 66,481 control subjects who did not receive surgery. Over 80% were female. Due to the matching process, surgery cases and controls were comparable on most demographic and clinical characteristics including the presence of diabetes and hypertension (Table 1) . Subjects with a history of bariatric surgery were more likely to have several important cancer-related risk factors including a slightly higher BMI, higher prevalence of smoking, slightly greater use of hormone replacement therapy, and slightly higher baseline rates of nonalcoholic steatohepatitis. The use of screening mammograms was slightly higher amongst the control group in the year before the index date. The average follow-up time was longer in the bariatric surgery cases (47 months) than the controls (41 months; P < 0.001). The bariatric surgery group developed 488 incident cases of cancer over 87,071 person-years of follow-up, whereas the nonsurgical group developed 2055 incident cases of cancer over 228,010 person-years of follow-up.
Kaplan-Meier curves show that the unadjusted rates of incident cancer differed across the bariatric cases and controls. The Kaplan-Meier plots for each group deviate early, and their diverging trajectories continue throughout the follow-up period (Fig. 2) . Kaplan-Meier-estimated cancer-free survival at 3, 5, and 10 years, was 98.45%, 97.2%, and 94.11% for the bariatric surgery patients, and 97.34%, 95.56%, and 89.25% for the control patients, respectively.
In matched unadjusted and multivariable adjusted Cox proportional-hazards models, the proportional hazards assumption was met for all models. Patients undergoing bariatric surgery had a 33% lower hazard of developing any cancer during follow-up [hazard ratio (HR) 0.67, 95% confidence interval (CI) 0.60, 0.74, P < 0.001] than matched controls (Table 2) . Results were similar when our outcomes were restricted to obesity associated cancers (HR 0.59, 95% CI 0.51, 0.69, P < 0.001). Although there was no statistically significant interaction between the effect of bariatric surgery on cancer incidence by sex in these models, we had a priori planned to examine results with sex strata. Women who had bariatric surgery were associated with significantly fewer incident cancers (HR 0.64, 95% CI 0.57, 0.72, P < 0.001), obesity-associated cancers (HR 0.58, 95% CI 0.49, 0.67, P < 0.001), and cancers not obesityassociated (HR 0.74, 95% CI 0.62, 0.89, P ¼ 0.001) than in female control patients. For men, there were no statistically significant reductions in cancer risk for any cancer type, although there was a nonsignificant trend towards fewer obesity-associated cancers. The unadjusted and adjusted HRs were very similar for all analyses. All models accounted for the matching on age, sex, BMI, Elixhauser comorbidity index score, and study site, and the adjusted models were adjusted for race, diabetes, hyperlipidemia, hypertension, coronary artery disease, peripheral vascular disease, nonalcoholic steatohepatitis, a history of smoking, alcohol use, and use of hormone replacement therapy.
Of the obesity-related cancers, postmenopausal breast cancer (HR 0.58, 95% CI 0.44, 0.77, P < 0.001), colon cancer (HR 0.59, 95% CI 0.36, 0.97, P ¼ 0.04), endometrial cancer (HR 0.50, 95% CI 0.37, 0.67, P < 0.001), and pancreatic cancer (HR 0.46, 95% CI 0.22, 0.97, P ¼ 0.04) were all significantly lower after bariatric surgery compared with controls (Fig. 3) . For esophageal adenocarcinoma, there were no cases amongst the bariatric surgery group and 16 cases in the control group (P ¼ 0.02). Liver, gallbladder, multiple myeloma, ovarian, rectal, and thyroid cancer showed no statistically significant reduction in incidence after bariatric surgery compared with controls, although all of the HRs were less than 1.
For our primary analyses reported above, we excluded cancers occurring within 6 months after the index date. In sensitivity analyses, we eliminated this exclusion and included all cancers occurring after the index date. Our results were unchanged, but the association between bariatric surgery and lower cancer incidence was stronger (all cancers: HR 0.59, 95% CI 0.54, 0.66, P < 0.001; obesity-associated cancers: HR 0.53, 95% CI 0.47, 0.61, P < 0.001; cancers not associated with obesity: HR 0.67, 95% CI 0.59, 0.78, P < 0.001). In unadjusted models predicting each cancer outcome, the sandwich estimator method and the strata method produced HRs that differed by less than 10%, usually by less than 5%. The surgery-bytime linear interaction was nonsignificant in all models satisfying the assumption of constant proportional hazards over time.
DISCUSSION
Obesity is a significant risk factor for the development of many types of cancer. In this large multicenter cohort study, we found that bariatric surgery is associated with a lower long-term risk of cancer compared with carefully matched patients with severe obesity who did not get bariatric surgery. The reduction was greatest for For the obesity-associated cancers in panel B, there were 246 cancers in the bariatric surgery group and 1185 in the matched controls. In panel C, there were 242 cancers not associated with obesity in the bariatric surgery group and 872 among the matched controls. The log-rank test had a P value of <0.001 for all three comparisons. The number at risk is the same in each panel because patients were censored at the first cancer regardless of the type. All models accounted for matching on age, sex, BMI, Elixhauser comorbidity index score, and study site.
yAll outcomes start at 6 months after the index date. zModels adjusted for race, diabetes, hyperlipidemia, hypertension, coronary artery disease, peripheral vascular disease, nonalcoholic steatohepatitis, a history of smoking, alcohol use, and use of hormone replacement therapy.
cancers that have been shown to be associated with obesity and persisted for the duration of 10-year follow-up in this study.
Further, we found that some cancer types appeared to be reduced by bariatric surgery, whereas others did not. The differing rates of cancer reduction for the various obesity-related cancers is not surprising, given the multiple mechanisms by which obesity increases the risk of cancer. 26, 27 Reductions in cancer risk were strongest for postmenopausal breast and endometrial cancers. Both of these cancers are highly sensitive to estrogen levels 28, 29 and react rapidly to changes. Weight loss has been shown to reduce levels of circulating estrogen, 30 thereby decreasing the risk of these cancers. Other obesity-associated cancers, such as thyroid cancer, may not be impacted as much by bariatric surgery due to the alternate mechanisms by which obesity increases their risk.
The risk of cancer was significantly lower among women, but not men, when the analysis was stratified. There are several potential reasons for this finding. Only women are at risk of developing postmenopausal breast and endometrial cancer, and these are the 2 most common obesity-associated cancers, with breast cancer being the most common cancer among women. 31 Additionally, over 80% of the surgical cases were women. For men, prostate and lung cancer are the most common cancers, neither of which is associated with obesity. 2, 31 Our results are consistent with several prior, smaller studies that examined the risk of cancer after bariatric surgery, including 2 with long-term follow-up. In the Utah Obesity Study of 6596 patients who had gastric bypass and were followed for a mean of 12.5 years, Adams and Hunt 32 found that total cancer incidence was reduced (HR 0.76, 95% CI, 0.65-0.89, P ¼ 0.0006) and obesity-associated cancers were also reduced (HR 0.62, 95% CI 0.49-0.78, P < 0.0001). These HRs are slightly different than those reported here; however, Adams and Hunt only adjusted for age, sex, and BMI, and did not account for differences in comorbidity across groups. The Swedish Obese Subjects (SOS) study included 2010 bariatric cases and a well-defined comparison group of 2037 subjects that were matched on 18 clinical characteristics. The SOS study also found fewer cancers in the bariatric surgery cohort compared with the control patients (HR 0.67, 95% CI 0.53-0.85, P ¼ 0.0009). 18 Similar to our study, the finding was significant in women, but not in men.
In our current study of gastric bypass and sleeve gastrectomy, which are the 2 main procedures performed in the United States, bariatric surgery was associated with a reduced risk of esophageal adenocarcinoma. A Swedish study 22 including 34,437 bariatric surgery patients found no difference in esophageal adenocarcinoma incidence between bariatric surgery cases and the general obese population. However, this study did not match cases and controls, and, as in the SOS study, this study included bariatric procedures that are now outdated. These older procedures have different effects on weight loss and gastroesophageal reflux disease, which may explain the difference in our findings.
Finally, a study involving 15,095 bariatric surgery patients and 62,016 obese control patients identified from Swedish registries found an increased risk of colorectal cancer after bariatric surgery. 33 This study has many of the same limitations as the other Swedish studies noted above, and importantly, did not distinguish between colon cancer and rectal cancer. It is likely that the impact of bariatric surgery on these 2 cancers is different, given their differing etiology, risk factors, and epigenetic and genetic profiles, 34 as we found a reduction in the risk of colon cancer, but no reduction in the risk of rectal cancer.
Our study has several limitations. As in all observational studies, unmeasured differences may exist between the bariatric surgery patients and the control patients. While the matching process and control for covariates attempted to mitigate this, differences may persist, particularly in behavioral risk factors, such as diet and exercise. For example, we found that the control subjects in our study were more likely to get mammograms in the year before surgery, an example of a healthy behavior. However, with our rich resource of detailed data on longitudinal medical risk factors and cancer screening from the electronic medical record, we were able to match on an extensive list of covariates that were not previously considered in other studies of cancer outcomes after bariatric surgery. Another limitation is that we identified a history of smoking through ICD-9 codes, which may misclassify some individuals; however, this is unlikely to have a significant impact on our results, given that smoking is not a strong risk factor for most of the cancers in this study. Because our study is observational in nature, we cannot draw firm causal conclusions about the relationship between bariatric surgery and incident cancer. However, many of the elements of causality are met, including the large effect size, the consistency of the associations across multiple observational studies, the plausibility of the mechanism of effect (particularly for obesity-associated cancers), and the temporality demonstrated in this long-term followup study. 35 A limitation of this study is that the average follow-up was less than 4 years. Given the natural history of many cancers, this may lead to underestimation of the association between bariatric surgery and cancer as the effect may not be seen for several years. However, the hazards remained proportional throughout follow-up, meaning that the association between bariatric surgery and cancer risk did not change over time. Our study also has many strengths. The large sample size, comprehensive data sources, long term follow-up, and matching methods all contribute to the strength of the results. FIGURE 3. Forest plot of multivariable Cox proportional-hazards models for obesity-associated cancers. The box represents the hazard ratio and the error bars depict the 95% confidence interval. Matching occurred on age, sex, BMI, Elixhauser comorbidity index score, and study site. The models are adjusted for race, diabetes, hyperlipidemia, hypertension, coronary artery disease, peripheral vascular disease, nonalcoholic steatohepatitis, a history of smoking, alcohol use, and use of hormone replacement therapy.
